To find an appropriate color transform is necessary and helpful for the applications of color images. In this paper, we proposed a new scheme to find color transforms close to the optimal transform and agree with human vision system for comparison. We first apply the perceptually uniform color space transform to convert RGB components into uniform CIE LAB components, and then use principal components analysis (PCA) in the uniform space to find the image-dependent optimal color transforms (KLT) for each test image group and for all the images in all the groups. With the KLTs, an approximate but image-independent transform in CIE LAB space is presented, namely LAR, which is just the LAB space rotated and has an elegant and simple form. Finally, we apply it to image compression, and our experiment shows that LAR performs better (PSNR about 4dB higher) than the default color transform in JPEG 2000.
Introduction
Color images are everywhere in science, technology, medicine and industry. Color images are acquired and reproduced based on tristimulus values whose spectral composition is carefully chosen according to the principles of color science. Color space transform is critical for color feature extraction and data redundancy reduction. To find an appropriate color transform is necessary and very helpful in many color image applications, such as image display, processing, retrieval, recognition, and compression.
In 1931, Commission Internationale de l'Eclairage (CIE) defined three standard primaries, called X, Y and Z, to replace red, green and blue (RGB) and with positive weights to match all the colors we see. It took CIE a decade or more to find a transformation of CIE XYZ into a reasonable perceptually uniform space. So far, CIE standardized two perceptually uniform systems, CIE LUV and CIE LAB. Besides, many color standards enable users to have the freedom to choose the color space in which to represent their data. RGB, CMYK, YIQ, HSV, CIE 1931 XYZ, CIE LUV, CIE LAB, YES, CCIR 601-2 YCbCr, and SMPTE-C RGB are proposed for diverse requirements [1] . However, in many applications, we need some appropriate color transforms and we also wish the transformed or the inverse-transformed components are inter-comparable and the comparison done by computers agrees with that we do by our human visual system. Therefore, we need compare the results in a perceptually uniform color space after applying inverse of our specific color space transforms. Our idea is to find some optimal color transforms in the uniform space.
In this paper, a new scheme to find an optimal color transform is proposed. We transform color images into three components in the uniform space CIE LAB, and then use principal components analysis (PCA) to find image-dependent optimal color transforms, Karhunen-Lòeve Transform (K-L transform, or KLT). Finally, we take the optimal transform obtained from all the analyzed images as an image-independent color transform and apply it to image compression of some other test images with JPEG 2000.
Principal Components Analysis in CIE LAB Color Space
CIE LAB color space is used in this paper as a perceptually uniform space and then the K-L transforms are found in this space. The work is implemented with five different groups of color images and by three main steps: Step1. Transform all the images from the original image color space into CIE LAB color space. Step2. Compute the covariance matrix in CIE LAB space with all the pixels of all the images in a group. Step3. Find the three eigenvalues and their corresponding eigenvectors of the covariance matrix and then make the K-L transform with the three eigenvectors. Among the steps, Step2 and Step3 are actually principal components analysis.
RGB to CIE LAB
The conversion from RGB color values into CIE LAB components is implemented by converting from nonlinear RGB space into linear RGB space first, then into CIE XYZ space, and finally into CIE LAB space.
The original color space of the images we generally come across is nonlinear RGB space. Nonlinear RGB, also called gamma-corrected RGB, may be stored in a file as three 8-bit integers ranging from 0 to 255. A simple scaling conversion is required to transform the three integer values from 0 to 255 into floating-point numbers in [0, 1].
There are several possible choices for the conversion between nonlinear RGB and linear RGB, the transform and its inverse used in this paper are:
From the gamma-corrected RGB values to a linear RGB values:
From the linear RGB values to gamma-corrected nonlinear values:
The following is a linear transform from linear RGB to CIE XYZ (D50). 
where A=DB, B is the matrix to transform from linear RGB into XYZ (D65) [2] , D is the matrix to transform from XYZ (D65) into XYZ (D50) [1] .
The conversion from CIE XYZ (D50) into CIE LAB is computed as follows, which can be found in [1] :
where
, and
. In this paper, we use CIE XYZ (D50) as our XYZ space, and at the white point, Xn , Yn and Zn have the values of 0.9642, 1.0, and 0.8249, respectively.
There are ways to speed up the transform, such as to approximate the cube root [4] . There are also some methods using the nonlinear functions in conversion between CIE XYZ and CIE LAB [5] and in RGB gamma-correction, simpler and less timeconsuming. A system using linear interpolation to transform RGB to CIE LAB can be found in [6] .
Principal Components Analysis
Having been converted into the CIE LAB color space, the images are analyzed with principal components analysis (PCA) method [3] .
Consider X={x 1 , x 2 , …, x n } is a collection of pixel samples in the CIE LAB color space. Each sample,
T , has 3 elements, which are 3 components L*, a* and b* respectively. We use these samples to calculate the covariance matrix of X, denoted by S.
where m is the mean vector of the n sample pixels,
S is a 3 3× symmetric matrix, and the solutions of the principal components analysis satisfy the equation: Sv= λ v, where λ is one of the 3 eigenvalues of matrix S and v is the corresponding eigenvector.
For each covariance matrix, we can obtain three eigenvalues λ 1 , λ 2 and λ 3 , and their eigenvectors v 1 , v 2 and v 3 .
Then, the K-L transform is defined as y=Vx, where x is a pixel in the CIE LAB space, y is the resultant pixel after transformation, and
The samples to make matrix X may be all the pixels of an image or all the pixels of all the images in a group. The computation of the covariance matrix is the most complex work and it has a temporal complexity of O(n 2 ). A covariance matrix from an image gives a K-L transform that is optimal for the single image. The matrix generated from all the images in a group provides a K-L transform that is optimal for the group images as a whole.
The three eigenvalues are useful if we want to know whether a component is more significant than another. The larger an eigenvalue is, the more significant its corresponding component is. In this paper, the eigenvector that corresponds to the maximum eigenvalue is called principal eigenvector. By using the principal eigenvector in the K-L transform, the most important component can be found. This is helpful for many color image applications, such as color image coding and color image retrieval.
PCA Experiments
In this paper, a database of 5 image groups is used for our experiments to obtain the optimal transforms. For the JPEG files [7] , each pixel is converted from YCbCr color space back into RGB color space first during decoding process.
The principal components analysis takes place in the CIE LAB color space, so the eigenvectors and the K-L transform are also in the CIE LAB space. The K-L transform matrix V and three eigenvectors have a relation of V=[v 1 
The eigenvalues are sorted in the magnitude-descending order, and v 1 is the principal vector.
In order to better understand the proportions between the eigenvalues, we use a rough eigPercent to stand for the percentages of eigenvalues relative to the sum of all three. 
The Optimal Transforms of the 5 Individual Groups

The Optimal Transform of All the Pictures in All the Groups
We use all the test images to find the general K-L transform for all the groups. The K-L transform matrix (transpose of eigenvectors matrix), eigenvalues and their proportional percentages from all the images in all the groups are: The K-L transform for all the images in our database also implies that the principal vector in CIE LAB space is very close to the vector (1,0,0) T , and the other components are primarily in the AOB plane of the CIE LAB coordinate system, where O is the origin in CIE LAB space. Both vectors have a rotation angle of about 4 / π to CIE LAB axes except a sign.
Therefore, through our experiments, an approximate optimal transform can be given as:
It looks so elegant and simple. More importantly, the color space after this transform is still perceptually uniform, and we believe that it is a better choice for perceptually uniform color space standard. Since the new space is just LAB space rotated, we name the transformed space as LAR.
From the proportional percentages between the eignevalues, we know that the significance between the components in CIE LAB space is roughly 2:1:1. This also looks very nice and will be very useful in image applications.
The percentages of the three eigenvalues give the information of significance of components, which can be used in image retrieval or image compression during quantization.
Application in Image Coding
The optimal transform in CIE LAB has many applications. In this paper, we test lossy compression of color images in the image coding framework of the new international standard JPEG 2000. Our transform gives better performance than the standardized color transform.
Intercomponent Transforms
We use our optimal transform in CIE LAB space presented above as an intercomponent transform in the new image coding standard framework, JPEG 2000 [8] .
We assume RGB components are in a cube of 256 256 256 × × , and each component can be any integer from 0 to 255. For all possible RGB colors, the ranges of our transformed components LAR The other color transform is integer reversible for lossless compression, and is a rough approximation of YCbCr color transform.
Compression Evaluation
The quality of a compressed image is generally evaluated by peak signal-to-noise ratio (PSNR) objectively and human visual system subjectively.
In order to make our objective comparison agree with the subjective evaluation, PSNR is calculated with the difference between the original image and the reconstructed image, and the difference is found in CIE LAB:
Since our optimal color transform is just a 45-degree rotation in AOB plane, and L is the same as L* in LAB space, we can estimate PSNR in our LAR space directly.
Evaluation Experiments
In our evaluation experiments, we use 6 popular RGB color test images, baboon, barbara, goldhill, lena, peppers and airplane. The bit rates we tested are 0.5, 0.25, 0.125, 0.0625, and 0.03125 bits per pixel (bpp). All the PSNRs of our experiments are listed in Table 1 . Table 1 shows that our color space transform LAR performs better for all the images at all the bit rates, average 4.3dB higher, minimum 3dB and maximum 6dB better than the default color transform of JPEG 2000.
By subjective comparison, the compression with our color transform also looks better than that with the default YCbCr color transform.
Conclusions
Principal components analysis is applied to obtain the optimal color transforms for the images of 5 groups in the perceptually uniform color space, CIE LAB. The eigenvectors of the 5 image groups are close. The principal eigenvectors corresponding to the maximum eigenvalues are all approximately in the direction of the L*. The other two eigenvectors are almost perpendicular to the L* direction.
The color space K-L transform for an image group is useful for image retrieval and image coding as pre-processing. When an image is given in practice, an appropriate fixed optimal color transform can be applied after we simply recognize what class the image belongs to.
With hundreds of test images of diverse content, a general optimal K-L transform is obtained and can be used as a fixed optimal color transform for all the images. Our approximately optimal K-L transform LAR is actually elegant and simple. It is just 45-degree rotated LAB, and can be used as an image-independent color transform. As in our experiments with JPEG 2000, LAR performs better for lossy color image compression, and the average PSNR is about 4 dB higher than the default YCbCr.
With our LAR and a faster color space transform between RGB and CIE LAB, an approximate linear transform from RGB to LAR can be found for real-time applications and is more efficient and applicable, so it is our next investigation.
